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IN’lRODUCIION

l“he Jet Propulsion 1,abora[oly (JPI .)-led-consortium
with sixteen team members was est:iblished  in early
1995 to evaluate the quality and reliability of ball
grid arrays (BGAs)  and to help build the
infrastructure necessary for implementation of this
technology for aerospace applications.1. l)ivcrse
nmnbcrship  from militfiry, commercial, academia,
and infrastructure sectors (l’lRI’s members) allowed
in a concurrent engineering approach to resolve
many challenging technicitl issues.

Nearly 200 test vehicles, each with four packages,
were a$scmblcd  and tested using an experimental
design. ‘I’he most critical variables incorporated in
this experiment were package type, bo,ard rnatcrial,
surface finish, solder volume, and environmental
condition. The packages used for this cxpcrimcnt
were commercially available packages with over 250
1/0s including both plastic and ceramic DCIA
packages.

‘1’hc test vehicles were subjcclcd  to thermal and
dynamic environments rcprcscntativc of aerospace
applications. ‘1’wo  different thermal cycling
conditions were used, the JP1. cycle ranged from -30
“C to 100 “C and the Boeing and IiMP1; ranged from
-55 “C to 125 “C. I)yncarnic  conditions simulated the
launch requirements for the JP1, Ncw Millennium
Project. l’hc test vehicles were monitored
continuously to detect electrical failure and their
failure mechanisms were also characterized.

Currently, a number of the packages in the test
vehicles have accumulated more than 2,000 cycles
with no solder joint failure. I ;xtcnsivc  anal ysis W:L$

performed to understand failure during lhermal
cycling and to determine the inffucucc  and criticality
of experiment variables. ‘l”hc test vehicles were
removed periodically for optical inspection, Scanning
}ilccUon Microscopy (S1;M) evaluation, and cross-
sectioning for crack propagation mapping. Failure
mechanisms for the two environments were

documented. Data collected from three facilities
were analy~ed and fitted to distributions using the
Wcibull distribution and Coffin-Manson
relationships for failure projection. ‘Ibis paper will
describe package characterization results including
coplanaritics for ceramic and plastic packages as well
as results of process optimization  including X-ray
images. In addition JP1 .’s cycles to failure and their
Weibull parameters for the 625 1/0 CBGAS subjected
to two thermal cycling, one using a NASA cycle with
245 minute duration, will also be presented.

IJAI.1, GRII)  ARRAYS

Background

BGA is an important technology for utilizing higher
pin counts, without the attendant handling and
processing problems of the peripheral array packages
(PAP). LJnlikc PAPs, 13CiAs have balls, covering the
entire area, or a large portion of the area on the
bO[[OIIl  Of thC package.

BGAs offer several distinct adv.antagcs over [;inc
Pitch (FP)  and Ultra Fine Pitch (LJE1))  Surface Mount
Components  (SMCS) that have gull wing Icads,
including:
● IIigh pin counts, generally >200.
● I.nrgcr  lead pitches, reduction in manufacturing

complexity.
● I Iighcr packaging densities, area for BCTAS  vs.

periphery for leaded.
● l;mtcr circuitry, balls arc much shorter tharl

leads.
● I]ettcr  heat dissipation, lower path from die to

PWU for vs. leaded.

BCTAS  are also robust  in processing. This stems from
their higher pitch (0.050 inch typical), better lead
rioidity,  ~11~ self-alignment  ch,wnctcristics  during.-
rctlow processing,

lKiAs, however, arc not compatible with multiple
solder processing methods and individual solder



joints  cannot  bc inspected and rcwork~d usi[l~
convcn[ional  methods. In ultra low vo]urnc  SM’1’
assembly applications, e.g. NASA’s, the ability to
inspect the solder joints visually has been standard
and has been a key factor for providing confidence in
solder joint reliability.

Objectives

Objectives of the program were narrowed to meet the
team members’ needs with consideration of indusq
projection for this technology. Bawd o n  the
relationship between pin count and costlpcrforrnancc,
it was apparent that pcriphcr[tl  leads will fall short of
meeting advanced packaging rcquiremcnls.
Cost/pcrfomlancc  requirements for Ql~Ps to meet
near term future requirements were even more
disparate. lIowcvcr, for BCTAS there was a wide
range of 1/0, pitch, and sizes meeting both :i near
term detnand and expected future long term
requirements.

After extensive discussion and further ranking of the
v,ariablcs  discussed, the following most critical issues
were identified:

● l)etcrrninc  a suitable inspection technique
for BGA packages, particularly af[cr they
have been attached to the substrate.
}lvaltratc:

O X-ray syslerns
O  Acoustic in~agingsys[cr~ls
O Visual inspection forpcriphcral  solder

joints
● I)ecidc the optimal package type amay

configuration.
O Peripheral array versus full arc:i array

and depopulated pack:igcs
O Ovemloldcd  plastic vs. metallic version

(Strpcr  I] GA)
● Charac te r i ze  the reliability differences

between ccr.amic and pkistic IWAS.
O ‘1’hermal  cycling including a military

version andpowcr  cycling
O Vibration behavior
O Robustness and reliability compared to

fine pitch QFP
● ASSCSS the various techniques for reworking

AAP/IICTA  packages.

attnchcd  [0 an oversize coppcv  pliitc providing a
better heat dissipation ctlciency. ‘1’hc copper plate
also acts as a stiffener and ground plane for the
package, l’hc solder b:ills  for plastic pfickagcs arc
cutcctic (63 Sn/37Pb).

Ccrarnic  packages  with 625 1/0s and 361 1/0s were
include in our evaluation. Ceramic solder balls have
0,035 inch diameters and have a high melting
tcrnpcraturc  (901’b/10Sn).  ‘1’hcse balls are attached to
the ceramic substrate Jvitb ctrtectic solder
(63 Sn/371M)  material. ,\t rctlow, substrate cutcctic
ma[cri:tl a n d  the PWl\ eutcctic p a s t e  rcllow t o
provide the clccwc>-rllcct]:i[lic~il interconnects.

l;igurcs 1  s h o w s  Scanning l;lcctron lMicrograph
(SI{M) photos of ceramic packages with straight and
[ilted solder balls. I;igtrrc  2 shows X-ray of sirnitar
packages with signs of minor [0 strong tilts,

Figure 1 Solder Balls With No Tilting (top)
and With Tilt in CBGA

Packages

Packages cover  the range from OM I)AC to
SupcrBGAs. In Sl]CIA, the IC die is directly
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Figure 2 X-ray of Solder Balls With No Tilt
and With Tilt in CBGA

l’ackage I)imensional Characteristics

Paclmge dimensional characteristics are
kcy va r i ab l e s  that atTecI solder j o in t

a m o n g  t h e

rcliatility.
l)imcnsional  characteristics 01 all packages were
measured using a 31) kiscr scanni[lg  system. Output
of measurcrncnts included st~ldcr hall d i ame te r ,
package warpagc.  and copkmarit y?.

Package coplanarity is defined as the distance
bctivtxn the bi:hcst solder ball (lead for QI:P)  and
t h e  lowrest solder  ball. In 31) laser technique,
pkrn:irity of individual balls are calculated relative to
seating plane lormcd  from the three tallest balls.
‘l”ablc 1 summarizes pku]arity  results.

Table 1 Planarities of Ceramic and Plastic
Packages

l’ackage ‘lype Coplanarity
Range (inch)

~. . . . . . .,, ,. ...,, ,, .,.. ,, .,,,..,, , .,,,,.,.,  .,, ,,, .,., ,, .,,.
560 SuperBGA .002 -.O@l  for 72

.004 -.006 for 45
] .006-.0077 for 4.  .  .

352 Superl\GA .0014 -.0037 for 145
.0048,.0058,.0065,.009 1

352 Ohll)AC 0024-.0057 for 128. . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . ..!02~-oo52  for 140313 ONII)AC .

2S6 Ohfl)AC .0021 -.0047 for 140

‘J’est  Vehicle Assembling

l;uII assembling were implemcn[ed after proce
optimization from the trial test, l“hc followil
procedures were followed:

PWBS were baked at 125°C for 4 hours prior
[0 screen printing.
I’wo  types of solder pzstcs were used an RMA
and water soluble.
Pastes were screen printed and the heights
were rncasurcd  by laser profilomcter.
A 10 zone convection oven was used for
reflowing.
‘1’he first assembled ‘I”V  using an RMA reflow
process wm visually inspected and X-rayed to
check solder joint quality.
All assemblies were X-rayed
I1ltcrctlar]ge:ibility  of reflow profile for RMA
a n d  Water  S o l u b l e  solder pastes w e r e
cx:imined.  One ‘1’V with water soluble solder
pmte was r e f l o w e d  using the RMA retlow
profile. ‘I?]c  solder joints showed much higher
void content d~ar]  expected (Figure 3) as well
as signs of flux residues. I;igurc 4 shows X-
ray images when on RMA reflow profile was
used for the RMA solder paste “1’lw latter
showed much lower void levels which were
sporadic rather  n I,arge void observed in the
former  im:iges.
l’or  water  soluble, a new retlow profile was
dcvclopcd based on manufacturer”s
rccomrnendat  ion. ‘l”his rellow process was
used for the remaining of the test vehicles.
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● Assembl i e s  \vi[l] w’atcr soluble flux were
cleaned in an l.lcc[roicrt 1 [500. ‘1’hose  with
RklAs clc:mcd using IsopropyL  Alcohol (I1)A)
:ind a 5~c s:iponilicr.

● All fine pitch 256 Q1;\)s h:id to Ix reworked for
bridges. An X-r:iy  ex:inlple shown in I;igurc 5.

h) Ilxccssivc Voids in 35’2 SP1lGA

Figure 3 Excessive Voids for Water Soluble
with an RMA Ret/ow  Profile

:i) Rcctuccd Voids in 313 I)lKif\

b) Reduced Voids in 352 Sl)Il(iA

Figure 4 Voids for Water Soluble Paste
with a Water Soluble Reflow  Profile

l;igure 5 X-ray Photo Shows a Bridge in the
25(j  l~ine I’itch (16  roil) QI~I’

II(; A Thermal Cycling Results

‘1’o link our d:i~:i ~vith those of convcn[ional Skl’1’  test
3.

resul ts  pc’rlorlncd iit J1’[. under :ino[hcr progr:im , a
set of ccr;imic :isstmblics tvcre subjcc[cd to [i N A S A
cycle will) Ion: duriition time [h;i[ h:i~c widely been
used for qu:illlic:i[ion [csling :ind alsL~ lv:is used in
J1’I.’s previous solder joint studies.

‘1’his  ions dur:ition cycle starls :it 25:(’ w i t h  a
decrcaw r:ik of 2°(~ pcr minute k) -55 ‘C w i t h  a n
own dwell sc[~ing ot’ -!5 minutes. ‘l”k temperature
im-re:isc m 100C(’  :it a r:i[c of ch:ingc 01 2°C p e r
minu te  with an oven divell scttin:  of 45 m inu te s ,
loltow’cd  by a decrefiw of k-vnpcr:iture  t o  25°C
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completes the cycling. ‘I”hc duration of one cycle is
246 minutes.

l;igure 6 comp,ares cycles to failure for CII(;A 625
1/0s and 68-, 28-, and 20-pin ceramic 1,cad 1,ess
(I .CC) assemblies subjected to this cycle. Only for
this set of CKiA assemblies, failures were detected
manually. Test vehicles were mmovcd  periodically
and daisy chain resistances were measured for opens.

Other  IIGA test vehicles were continuously
monitored through a I.abVicw  system designed for
this purposed. I~or  LCCS, }:ailures were detected by
Anatech@ and verified by visual inspection. ‘1’hc
failure distribution percentiles were approximated
using a median plotting position, l~i = (i-
o.3)/((n+o.4).

As expected, there was a large spread in cycles to
failure because of variance in board materials (l:R-4
and Polyimide for C}ICJAS,  FR-4 for I, CCS), solder
joint volume, quality and location. “l”he first failure
for Cl\GA was detected at 312 cycles and occurred

bCIWL!Cll  292 and 312 CyCkS, ‘1’he last failure
dctcctcd between 450 and Occuned bc[wecn 439 and
450 cycles. ‘1’he Weibull cumulat ive fai lure
distribution was used to fit cycles to failure data.
‘1’hc Wcibull scale and shape parameters for C}IGA
were 391 cycles and 8.4 respectively

l:igur? 7 includes CyCleS to failure tes[ results for
CDGA 625 1/0s a..semblies  On polyimide  and FR-4
PWIIS with different surface finishes as well as
different solder volumes. These assemblies were
thermally cycled between -30°C and 1 tX)°C with 82
minute duration. The thermal cycling oven
tcmperatrrrc  settings and temperature profile is also
shown. I>aisy chains of test vehicles were
continuously monitored for failure dcteclion. l’he 2P
Weibull scale and shape parameters were 424 m~d
9.1. I~ive highest points, four representing those with
Ni/Au and one with high solder volume, were
excluded in order to get a better flt to data,

`:w-----:--------::i::--i-------{------i--------&-47':-----
80.

. . ,- .
. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

%
.E

9
:m ; ● */s”~-------”-: ””--------~ To

?

. . . . . . . . . . . . . . . . . ..’
g ‘v ; ;* -- . . .. -- . . . . . . . . . ...%..... . . . . . . . . . . . . . . .*. . . . . . . . . . . . . . . . . . . . . . . . . . . .

v:: A.
$+

&
60. . . . . . ...\..... . . . . . . . . . . . . . .E .

a i-""" ----- {.""" --"-" -\--" -"~; "f---.....\------""-{"""--"""-"
1.

=
. . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 ~ ~ ; ‘1; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . ...+

al
● t:
=
~

40 ●
w~:~

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . u. ..;...  . . . . . . . . . . . . . .. ---- .* . . . ...’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

E :4 ‘--’~
5 ~, ; . . . . . . . . ..} . . . . . . . . . . . . . . . . . ..~ . . . . . . . ..j . . . . . . . . . “A. ●  “p[h’cc

7
. . . . . . .

:* : :
A

20 ● . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
bt I

10.

,  #;A...
- ‘-

•~/ “ ~. . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . .

/: : :

. .. . . . . . . i. .:....

<i I
#i -> , ,

or

—  
W’cibull.  m=  S.9S. so=71~

L

W’ribull,  m=4.8.  XC.101

~B~~ 625

Wdbull, m=8.4.  S0=391

28 PIS 1.CC

20 MS I.cc 1

0 100 2 0 0 200 400 5oiI 600 700 MO 900 Iwo

Nurnhcr  of Thermal Cycles

Figure 5 Cumulative Failure Distribution PLots for CBGA 625 l/O and LCC Assemblies
Subjected to -55 °C<->100”C with 245 minute duration
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Figure 6 Cumulative Failure Distribution Plots for CBGA 625 UO and LCC Assemblies
Subjected to -3O”C+>1OO”C  with 82 minute duration

Conclusions
● Ceramic packages showed  lower wmpagcs and

were more coplanar than [heir PIKiA
counterparts. Numerous ceramic packages had
tilted solder balls.

● Solder ball p]anaritics  were significantly higher
for plastic than for cer:imic  p:ickages.  A few
P1lGAs showed unexpectedly higher values
above their norm distribution. PRCTAs, however,
are more robust and the large planarity values
might not be as dctrirncnt on the solder joinl
reliability as those for ceramics. Some planiirity
d i f f e r e n c e s  among t h e  PIWAS b:ills  arc
accommodated by their collapses during the
reflow process. ‘l’his is not the c:isc for CIICJAS
where high melt solder b:ills  remain intact
during retlow. The solder ball diameter controls
the sl’and-off height which is a key f:ictor to
soldcrjoint  reliability.

● l’hc DGA void levels were the same as those
gcner:illy observed by industry. As expected,
KiAs were robust in zsscmbling comp:ired  to
the 256 fine pitch, 0.4 mm, Q1;Ps.  All Ql;l)s

●

●

●

●

●

showed bridging to some degree and had to be
reworked..

RMA and water soluble reflow profiles were
significantly different and they should be
optimized separately for the applications. Large
rather smaller and sporadic voids were generated
when an RMA reflow prolilc for a water soluble
solder paste was used.

31) laser scanning is excellent for
ch:iracteri~ation of package dimensions, but
possibly not for solder ball measurement.

Cycles to failures for a NASA cycle (-55°C to
10O”C) and a modified version used for IICTA (-
300(;  to 10O°C)  did not follow a Coftin-Manson
rekitionship. Ikit:i set showed an almost a linear
reduction with delta temperature r:ithcr than a
near cube power reduction projected by the
model.

Cycles to failure indicate that the choice of cycle
selcctcd (-30°C to 100”C~)  for time and cost
effectiveness was appropriate.

Cycles to failure results for two temperature
prolikx arc in agreement tvi[h the school of
thoughts that suggest low temperature exposure
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is of less crilical than high tcmpcra[ure  and time
beyond the creep threshold at high tmperaturc

h a v e  no signific:int  effects on eutectic solder
joint failure.
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